The organizational principles of semantic memory in the human brain are still controversial. Although studies have shown that the semantic system contains hub regions that bind information from different sensorimotoric modalities to form concepts, it is unknown whether there are hub regions other than the anterior temporal lobe (ATL). Meanwhile, previous studies have rarely used network measurements to explore the hubs or correlated network indexes with semantic performance, although the most direct supportive evidence of hubs should come from the network perspective. To fill this gap, we correlated the brain-network index with semantic performance in 86 brain-damaged patients. We especially selected the nodal degree measure that reflects how well a node is connected in the network. The measure was calculated as the total number of connections of a given node with other nodes in the resting-state functional MRI network. Semantic ability was measured using the performance of both general and modality-specific (object form, color, motion, sound, manipulation, and function) semantic tasks. We found that the left ATL and the bilateral anterior cingulate cortex could be semantic hubs because the reduced nodal degree values of these regions could effectively predict the deficits in both general and modality-specific semantic performance. Moreover, the effects remained when the analyses were performed only in the patients who did not have lesions in these regions. The two hub regions might support semantic representations and executive control processes, respectively. These data provide empirical evidence for the distributed-plus-hub theory of semantic memory from the network perspective.
Introduction
Semantic memory refers to general world knowledge about objects, words, people, and facts (Tulving, 1972) . Although researchers have reached a consensus that semantic knowledge is represented in a distributed neural network in the human brain Binder and Desai, 2011; Han et al., 2013a,b; Martin, 2016; Huth et al., 2016) , they hold different opinions about the organizational principles of the network. There have been at least two prevalent theories for this issue: the distributed-only theory and the distributed-plus-hub theory Mahon and Caramazza, 2009; Martin et al., 2014; Martin, 2016) . The former postulates that a semantic concept is represented by modality-specific sensorimotor knowledge (e.g., shape, color, sound, and action; Martin, 2007; Barsalou, 2008; Binder et al., 2009) . Meanwhile, the latter argues that the semantic system includes hubs in addition to the modality-specific knowledge, and it is the hubs that form semantic concepts by binding information from different modalities . In this case, a hub should process information from various modalities, and the disruption of this component leads to semantic decline across modalities. Researchers are coming close to resolving this debate Rice et al., 2015a,b) . They have observed that at least the anterior temporal lobe (ATL) could be one semantic hub region. A piece of supportive evidence for this notion comes from studies on semantic dementia . This disease is a progressive neurodegenerative disorder characterized by the selective loss of semantic memory, regardless of sensorimotoric modalities (Hodges et al., 1992; Garrard and Hodges, 2000; . The cognitive symptom of semantic dementia is associated with damage to the ATL (Hodges et al., 1992; Binney et al., 2010; Gainotti, 2012; Hoffman et al., 2014; Rice et al., 2015a,b) . The role of the ATL as a semantic hub has also been demonstrated by other studies, including those in other disease patients Tsapkini et al., 2011; Shimotake et al., 2015) and in healthy subjects (Pobric et al., 2007 Visser et al., 2010; Peelen and Caramazza, 2012; Chiou and Lambon Ralph, 2016) .
Although the ATL has been proven to be a semantic hub region, it is still uncertain whether there are other semantic hubs in the brain. Studies have reported other possible semantic hub regions, such as the anterior cingulate cortex (ACC), the fusiform gyrus, the intraparietal sulcus, the posterior temporal middle gyrus, and the prefrontal cortex Binder et al., 2009; Mion et al., 2010; Binder and Desai, 2011; Wei et al., 2012; Guo et al., 2013; Seghier, 2013; Bonnici et al., 2016) . However, the observed hub effects might warrant further confirmation because these studies only considered the outcomes of healthy participants, the effects of local regions in isolation but not in networks, or the cerebral indexes alone without correlating with the semantic behaviors. Thus, further research should investigate the relationships between the network index and semantic behavior in a patient group.
The current study was designed to determine the presence of other semantic hub regions in addition to the ATL by correlating the hub property of each voxel in a whole-brain resting-state functional MRI (rs-fMRI) network with the severity of semantic deficits in 86 brain-damaged patients. The hub property was measured using the nodal degree, which is an index of graph-theory analysis and can reflect how well connected a node is in the whole-brain network. The semantic behaviors were measured by two sets of tasks: general semantic tasks and modality-specific semantic tasks. A region was considered a semantic hub if its nodal degree could successfully predict the scores of both sets of semantic tasks.
Materials and Methods

Participants
Healthy subjects and patients with brain damage took part in the current study. Most of them were selected from the subject cohort of our recent study (Han et al., 2013b) . The differences in subject populations between the studies were due to the availability of behavioral and neuroimaging data. All participants were native Chinese speakers, were provided written informed consent, and were paid for their participation. This study was approved by the Institutional Review Board of the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University.
Patients
Eighty-six adults with brain damage (69 males) were recruited from the China Rehabilitation Research Center (mean age, 44 years; SD, 13; range, 19 -74 years). They had their first brain injury with more than 1 month post-onset (mean, 5.4 months; SD, 11.2; range, 1-86 months), had no other neurological or psychiatric diseases, had at least a primary school education (mean, 13 years; SD, 3; range, 6 -19 years), and could understand our task instructions. The Edinburgh Handedness Inventory (Oldfield, 1971) revealed that most of the subjects were right-handed (n ϭ 80); five were left-handed and one was ambidextrous. The causes of brain injury included stroke (n ϭ 69), traumatic brain injury (TBI; n ϭ 14), anoxic encephalopathy (n ϭ 1), electric shock (n ϭ1), and thrombosis (n ϭ 1). The brain lesions of the stroke patients were widely distributed in gray-matter cortices but were concentrated in the bilateral insula, whereas those of the TBI patients mainly included ventral and polar ATL regions (Fig. 1) .
Healthy subjects
Fifty-one healthy individuals (27 males) without brain injury were included. The mean age was 50 years (SD, 11; range, , and the mean years of formal education was 13 (SD, 4; range, 6 -22 years). All were right-handed. They had normal or corrected-normal vision and hearing and had no history of psychiatric or neurological disease.
Compared with the healthy subjects, the patient cohort was younger (t ϭ 2.55, p Ͻ 0.02) and had more males ( 2 ϭ 11.37, p ϭ 0.0008), but the groups had an equivalent educational level (t ϭ 0.23, p ϭ 0.82).
Behavioral data collection
To measure the subjects' ability to process various semantic knowledge, each subject was examined by two sets of semantic tasks: general and modality-specific tasks (Table 1) . The former set included three tasks: oral picture naming, oral sound naming, and picture associative matching. All of these tasks tested the general aspect of semantic memory but varied in the modalities of input and output. The latter set assessed the processing ability for six specific sensorimotor modalities of objects (form, color, motion, sound, manipulation, and function). Each modality was examined by verbal and nonverbal tasks. We also designed a calculation task to control for the influence of nonsemantic processing.
All tasks were presented with the DMDX display program (Forster and Forster, 2003) . Participants were tested individually in a quiet room. Each session lasted Յ2 h, and pauses for rest were allowed upon request. The presentation orders in each task were pseudorandomized but were identical across subjects. We calculated the composite score of each set of tasks-the general semantic memory and modality-specific semantic memory tasks-and defined them as indexes of the patients' general and modality-specific semantic memory, respectively.
General semantic tasks
Oral picture naming. The oral picture-naming task (n ϭ 100) used 100 photographs of objects from five categories: animals, tools, artifacts, fruits and vegetables, and large nonmanipulable objects. Each category contained 20 items. Participants were instructed to name the object shown on the computer screen.
Oral sound naming. The oral sound-naming task (n ϭ 36) included 10 animal sounds (e.g., a barking dog), six tool sounds (e.g., pounding of a hammer), 10 sounds from man-made artifacts (e.g., ringing of a telephone), and 10 other sounds (e.g., a sound of rain). Participants listened to the sounds through earphones and then had to name the objects that produced the sounds.
Picture associative matching. The picture associative matching task (n ϭ 50) is similar to the Pyramids and Palm Trees Test (Howard and Patterson, 1992) . For each trial, three photographs are presented in a triangle. Participants need to determine which one of the two bottom photographs (e.g., lion, tadpole) was semantically closer to the top one (frog). The number of items was identical across the five categories in the above oral picture-naming task.
Verbal modality-specific tasks
Each sensorimotor modality was tested with a verbal task and a nonverbal task. Each trial of the verbal task was visually presented with a question about a given sensorimotor modality (e.g., which one has four legs?) with two candidate object words (e.g., panda, peacock) on a touch screen. To rule out the influence of dyslexia, the experimenter also read the stimuli aloud to the participants. Participants needed to Figure 1 . A-C, Lesion overlap maps of patients (the n value denotes the number of patients with lesions). TBI, traumatic brain injury.
choose the object that was the better answer to the question. The tasks and examples are described as follows.
Form attribute matching. In the form attribute matching task (n ϭ 75), an example question is: Which has four legs, cat or goldfish?
Color attribute matching. In the color attribute matching task (n ϭ 30), an example question is: Which one is brownish, lion or penguin?
Motion attribute matching. In the motion attribute matching task (n ϭ 30), an example question is: Which one moves faster, monkey or panda?
Sound attribute matching. In the sound attribute matching task (n ϭ 45), an example question is: Whose sound is sharper, a monkey's or a cow's?
Manipulation attribute matching. In the manipulation attribute matching task (n ϭ 30), an example question is: Which of the following is manipulated with one hand, chopsticks or a carpenter's plane?
Functional attribute matching. In the functional attribute matching task (n ϭ 60), an example question is: Which one is more common in people's home, an electric hair dryer or an electric drill?
Nonverbal modality-specific tasks
All trials of the nonverbal modality-specific tasks were presented with pictures, movies, or sounds without verbal input or output.
Form verification. For each form verification trial (n ϭ 60), two grayscale photographs of object parts (e.g., head of panda, body of bear) were presented vertically at the center of a touch screen. The subjects had to determine whether the two parts came from the same object.
Color verification. Each color verification trial (n ϭ 20) consisted of two pictures: a color patch (e.g., green patch) at the top and a gray-scale object (horse) at the bottom. Participants needed to verify whether the color was common for the object.
Motion verification. Each motion verification trial (n ϭ 57) included a video of a dot moving as an object (e.g., the running of horse) and a gray-scale picture of an object (cow). The task was to verify whether the movement was a typical motion for the pictured object.
Sound verification. Each sound verification trial (n ϭ 42) included a gray-scale picture of an object (e.g., monkey) and the sound of an object (the meow of a cat). The task was to decide whether the sound was typically produced by the object in the picture.
Manipulation matching. This manipulation matching task (n ϭ 20) was similar to the above picture associative matching task, except the instruction was changed to choose which of the two bottom objects (e.g., clamp, fork) was more similar to the top object (a pair of tweezers) in terms of the typical manner of manipulation.
Function matching. The function matching task (n ϭ 30) was same as the above manipulation matching task, except the instruction was replaced with the judgment of which object in the two bottom photographs (e.g., clock, bag) shared more similar functions with the object in the top photograph (watch).
Control task
Number processing has been extensively used to control for semantic processing profiles (Pobric et al., 2007; Binney et al., 2010; Han et al., 2013b) . Therefore, a number calculation task was adopted in this study. It contained seven exact calculation questions: two additions (5 ϩ 2, 19 ϩ 26), two subtractions (9 Ϫ 4, 78 Ϫ 15), two multiplications (2 ϫ 4, 13 ϫ 6), and one division (6 Ϭ 2). The subjects were required to give correct answers for each question presented on the screen.
Some of the above tasks were also used in our recent studies (Han et al., 2013a,b; Bi et al., 2015; Fang et al., 2015) .
Behavioral data preprocessing
The above tasks could be classified into three different types according to the manner in which subjects responded: oral production, matching, and verification tasks. Responses were made by oral reporting, pressing the corresponding object, and pressing a "YES" or "NO" button, respectively. Scoring for each trial was performed on the first complete response for the oral production tasks, and on the first response for the other tasks. Each subject obtained a raw accuracy score for each task.
Given that the patients had varied demographic characteristics (age, gender, and education level), their raw scores might not truly reflect the severity of the deficits in behavioral performance. Therefore, we adopted a standardization method proposed by Crawford and Garthwaite (2006) to correct each patient's "raw" score to a standardized "t" score by considering the distribution of the 51 healthy subjects. This method has been used in our recent studies (Han et al., 2013b; Bi et al., 2015; Fang et al., 2015) . Eventually, the raw accuracy of each task for each patient was transformed into a corrected t score (Crawford and Garthwaite, 2006; Han et al., 2013b) .
For each patient, we further computed a composite general semantic score (by averaging z-transformed t scores of the three general semantic tasks) and a composite modality-specific semantic score (by averaging z-transformed t scores of all the six modality tasks). The two semantic composite scores and the t score of the control task were adopted in the following analyses.
Neuroimaging data collection
We collected three types of images using a 1.5 T General Electric Signa Excite scanner at the China Rehabilitation Research Center: (1) highresolution 3D T1-weighted images, (2) rs-fMRI images, and (3) fluid attenuated inversion recovery (FLAIR) T2-weighted images. The 3D images were obtained on the sagittal plane with the following parameters: matrix size, 512 ϫ 512; voxel size, 0.49 ϫ 0.49 ϫ 0.70 mm 3 ; TR ϭ 12.26 ms; TE ϭ 4.2 ms; inversion time, 400 ms; flip angle, 15°; slice thickness, 0.70 mm; slice gap, 0.70 mm; field of view, 250 ϫ 250 mm 2 ; slice number, 248. Two identical sequences of the 3D T1 images were collected and averaged to improve the signal-to-noise ratio for analysis. The rs-fMRI images were acquired using an EPI sequence along the AC-PC line with the following parameters: TR ϭ 2000 ms; TE ϭ 40 ms; flip angle, 90°; slice thickness, 4 mm; slice gap, 1 mm; voxel size, 3.3 ϫ 3.3 ϫ 4.0 mm 3 ; FOV, 210 ϫ 210 mm 2 ; slice number, 28; volume number, 120. During the scanning, participants were instructed to keep still with their eyes closed and not to think about anything in particular. The FLAIR images that had the same slice locations with the functional images on the axial plane were acquired with the following parameters: matrix size, 512 ϫ 512; voxel size, 0.49 ϫ 0.49 ϫ 0.70 mm 3 ; TR ϭ 8002 ms; TE ϭ 127.57 ms; flip angle, 90°, slice thickness, 5 mm; voxel size, 0.49 ϫ 0.49 ϫ 5.00 mm 3 ; FOV, 250 ϫ 250 mm 2 ; slice number, 28.
Neuroimaging data preprocessing Structural MRI data
The preprocessing procedures were identical to those used in our recent studies (Han et al., 2013b; Fang et al., 2015) . We coregistered the two T1 images using SPM5 and then averaged them. Then, we coregistered the FLAIR T2 images and resliced them to the averaged T1 images. Two trained personnel drew each patient's lesion contour based on the averaged 3D images slice by slice, visually referring to the corresponding FLAIR T2 images. The lesion maps were double-checked by an experienced radiologist. Then, each patient's structural images were resliced to a 1 ϫ 1 ϫ 1 mm 3 voxel size and manually registered into Talairach space via the "3D Volume Tools" in BrainVoyager QX v2.0 (www. brainvoyager.com). We used ANTs software to estimate the affine transformation matrix between the native and Talairach spaces. With this matrix, we transformed the lesion maps into Talairach space using the "WarpImageMultiTransform" program. The lesion maps were then transformed into MNI space for further analysis.
rs-fMRI data
Each member of the patient group had a brain lesion large enough to possibly affect the quality of normalization if we had used automated software. Therefore, we manually coregistered each patient's restingstate scans to individual T1 images in BrainVoyager. Other preprocessing steps were performed with the advanced edition of Data Processing Assistant for Resting-State fMRI (DPARSFA; Yan and Zang, 2010) . In detail, the preprocessing procedure included (1) time point deletion (the first 10 volumes); (2) slice timing; (3) head-motion correction; (4) manual coregistration of images to the averaged 3D T1 images followed by transformation into Talairach space using the affine transformation matrix obtained in the structural MRI data preprocessing procedure; and (5) transformation of images into the MNI space. The remaining steps were also completed with DPARSFA, including (6) liner trend removal, (7) bandpass filtering (0.01-0.1 Hz), (8) spatial smoothing (Gaussian kernel of FWHM 6 mm), and (9) nuisance covariate (global signal, white-matter signal, and CSF signal) regression. Specifically, we then performed head-motion scrubbing (Power et al., 2012) to exclude brain volumes that had spikes of head motion. We set the framewise displacement threshold at 0.5 to detect the "bad" time points and scrubbed one time point before and two time points after the bad time point. In addition, a subject would be excluded from our analyses if his or her head motion exceeded 3 mm translation or 3°rotation. Because no subject reached the exclusion criterion, all of them entered into the following analyses.
Extracting the weighted nodal degree value of each voxel
Using the preprocessed rs-fMRI data, we calculated the weighted voxelwise nodal degree for each patient with GRETNA (Graph Theoretical Network Analysis Toolbox; http://www.nitrc.org/projects/gretna/; . Specifically, we first computed the strength of the functional connectivity of each pair of voxels, which was the Pearson correlation coefficient (r) between the rs-fMRI signal intensity time courses of the two voxels. Then we obtained the nodal degree value of each voxel by summing the values of all functional connections connecting to the voxel in the whole-brain gray-matter network. The gray-matter mask we used was generated by including voxels with a probability of Ͼ0.4 in the SPM5 gray-matter template and excluding voxels that fell on cerebellar regions defined by the Automated Anatomical Labeling template (Tzourio-Mazoyer et al., 2002) . The final gray-matter mask had 36,272 voxels.
Identifying semantic hubs
To identify the hubs in semantic networks, each of the semantic composite scores (general semantic scores or modality-specific semantic scores) was separately correlated with the nodal degree value of each voxel across patients. Then, the obtained results were converged.
General semantic scores-nodal degree correlation
We correlated the nodal degree value of each voxel with general semantic composite scores and partialled out the corrected t score of the calculation task. AlphaSim correction was used to adjust the influence of multicomparisons (corrected p Ͻ 0.05; voxel level: p Ͻ 0.05; cluster size, Ͼ110 voxels).
To further confirm that the observed effects originated from the connections of the cluster rather than the lesions located in the cluster, we again performed the above partial correlational analyses for each detected cluster within the subgroup of patients who had no lesion in each cluster. To conduct these analyses for each cluster, we first extracted the patients who had no lesion there. Then, each patient's mean degree values in the cluster were calculated. Finally, the values were correlated with general semantic composite scores, factoring out the corrected t score of the calculation task.
Modality-specific semantic scores-nodal degree correlation
This analysis was the same as that of the above general semantic scores correlation, except that the general semantic composite scores were replaced with the modality-specific semantic composite scores.
Convergent analysis of both of the above results
Each region that reached the significance threshold in either of the above analyses could potentially be a semantic hub. However, to avoid falsepositive results, we conducted a convergent analysis for the results of the two analyses. We extracted the common voxels of the above two results and then considered the regions of common voxels to be semantic hubs.
Validation of the observed effects by covarying the influence of clinical variables
Although the above analyses ruled out the influence of demographic variables by correcting behavioral performance (age, gender, educational level), they did not account for the potential confounding effects of the clinical factors (e.g., etiology, lesion size, postonset duration). To validate whether the semantic-hub association effects we observed could be accounted for by these clinical factors, we performed partial correlations between patients' mean nodal values of each hub region and the composite general semantic scores or modality-specific semantic scores, regressing out brain lesion type (a binary variable: 1 for stroke, 2 for TBI), total lesion volume (total number of lesioned voxels in the whole brain), and disease duration (months of brain damage), in addition to the corrected t score of the calculation task. Six patients were excluded from this analysis due to inexact onset time or other brain lesion types. The same analysis was also conducted on the patients without lesions in the regions of interest. The regions showing significant effects in these analyses were identified as semantic hubs.
Results
Behavioral performance of participants
Participants' raw accuracies and corrected t scores are presented in Table 1 . The raw accuracies of the patients (mean, 77%) were significantly lower than those of the control group (mean, 89%) in each task ( p Ͻ 0.001). The corrected t scores of patients (ϽϪ1.05) also reflected that they had marked impairments in the tasks. For the 12 sensorimotor modality tasks, we performed a two-factor variance analysis of 2 stimuli attributions (verbal, nonverbal) ϫ 6 sensorimotor modalities (form, color, motion, sound, manipulation, and function). It revealed significant main effects (stimuli attribution: F ϭ 8.18, p Ͻ 0.005; sensorimotor modality: F ϭ 3.55, p Ͻ 0.004) and interaction effects (F ϭ 8.46, p Ͻ 0.0001).
Semantic hub regions
The mean and SD values of the nodal degrees of patients are illustrated in Figure 2 . The bilateral precuneus/posterior cingulate gyri, inferior parietal cortices/angular gyri, and medial prefrontal regions showed higher mean degree values.
General semantic scores-nodal degree correlation
To find semantic hubs, we conducted a voxelwise correlational analysis between the general semantic composite scores and the nodal degree value across 86 patients, with the corrected t score of the number calculation task as a covariate. We observed five regions that survived the significance threshold (AlphaSim-corrected p Ͻ 0.05; Table 2 ; Fig. 3A) . The correlations were positive in four regions: the bilateral ACC (coordinates peak : Ϫ9, 48, 12; r peak ϭ 0.40, p Ͻ 0.0002; cluster size, 346 voxels; r cluster ϭ 0.39, p Ͻ 0.0003), the left ATL (coordinates peak : Ϫ60, Ϫ18, Ϫ15; r peak ϭ 0.35, p Ͻ 0.002; cluster size, 328 voxels; r cluster ϭ 0.46, p Ͻ 0.0001), the left superior parietal lobule (SPL; coordinates peak : Ϫ24, Ϫ63, 60; r peak ϭ 0.38, p Ͻ 0.0004; cluster size, 126 voxels; r cluster ϭ 0.37, p Ͻ 0.0005), and the left middle frontal gyrus (MFG; coordinates peak : Ϫ36, 54, 9; r peak ϭ 0.34, p Ͻ 0.002; cluster size, 120 voxels; r cluster ϭ 0.37, p Ͻ 0.0005). The bilateral precuneus showed a negative correlation (coordinates peak : Ϫ18, Ϫ69, 18; r peak ϭ Ϫ0.39, p Ͻ 0.0003; cluster size, 254 voxels; r cluster ϭ Ϫ0.33, p Ͻ 0.003).
The number of patients with lesions were not equivalent in the five regions observed above (Table 2) . Twenty-five patients had lesions in ATL. Meanwhile, eight patients had lesions in the left MFG, five had lesions in the bilateral ACC, five had lesions in the bilateral precuneus, and four had lesions in the left SPL. For each region, we again calculated the correlation between the semantic composite scores and the mean nodal degree values of the region (averaging the degree values of all voxels in the region), covarying the corrected t scores of the control task, across the patients without lesions in the region. We found that the correlations of the five regions remained significant (r sub : Ϫ0.31, 0.31 to 0.44, p Ͻ 0.007), indicating that the observed effects of the regions might come from their functional connectivity.
Modality-specific semantic scores-nodal degree correlation
We found two clusters whose nodal degree values were significantly correlated with the modality-specific composite semantic scores when the control task scores were partialled out (AlphaSim-corrected p Ͻ 0.05; Table 2 ; Fig. 3B ): the bilateral ACC (coordinates peak : 0, 36, Ϫ6; r peak ϭ 0.36, p Ͻ 0.0008; cluster size, 630 voxels; r cluster ϭ 0.43, p Ͻ 0.0001) and the left ATL (extending to insular, coordinates peak : Ϫ42, 6, 0; r peak ϭ 0.33, p Ͻ 0.002; cluster size, 337 voxels; r cluster ϭ 0.44, p Ͻ 0.0001). Eight of the 86 patients had lesions in the bilateral ACC, and 35 patients had lesions in the left ATL. In the remaining patients, the correlation effects remained significant for the two clusters (bilateral ACC: r sub ϭ 0.42, p Ͻ 0.0001; left ATL: r sub ϭ 0.35, p Ͻ 0.02; Table 2 ).
Convergent regions in both of the above analyses
To obtain the common brain regions for the above two analyses, each observed cluster was first created as a binary mask. Then, the five masks of the general semantic scores were overlaid onto the two masks of the modality-specific semantic scores. This process generated two common regions ( Fig. 3C ; Table 2 ): the bilateral ACC (center coordinates: Ϫ3, 36, 12; cluster size, 248 voxels) and the left ATL (center coordinates: Ϫ48, 0, Ϫ27; cluster size, 137 voxels).
For the common clusters, we also performed partial correlational analyses within the subjects who had no lesions in each cluster. Four of the 86 patients had lesions in the bilateral ACC and 21 patients had lesions in the left ATL. In the remaining patients, the correlation effects remained significant for the two regions (bilateral ACC-general semantics: r sub ϭ 0.37, p Ͻ 0.0007; bilateral ACC-modality-specific semantics: r sub ϭ 0.38, p Ͻ 0.0005; left ATL-general semantics: r sub ϭ 0.42, p Ͻ 0.0007; left ATL-modality-specific semantics: r sub ϭ 0.42, p Ͻ 0.0007).
Validation of the observed effects by covarying the influence of clinical variables
The two brain lesion types of patients (stroke, TBI; Fig. 1 ) had significant difference in the total lesion volume (stroke patients: mean, 2232 voxels; SD, 2175; TBI patients: mean, 977 voxels; SD, 926; t ϭ 3.73, p Ͻ 0.001), but no difference in the postonset time (stroke patients: mean, 3.17 months; SD, 4; TBI patients: mean, 13.36 months; SD, 25; t ϭ Ϫ1.45, p ϭ 0.17), the general semantic composite scores (stroke patients: mean, Ϫ0.03; SD, 0.86; TBI patients: mean, 0.16; SD, 0.74; t ϭ Ϫ0.77, p ϭ 0.45) and the modality-specific semantic composite scores (stroke patients: mean, Ϫ0.06; SD, 0.72; TBI patients: mean, 0.25; SD, 0.62; t ϭ Ϫ1.47, p ϭ 0.15). The total lesion volume was not significantly correlated with the postonset time (r ϭ Ϫ0.21, p ϭ 0.85) and the general semantic composite scores (r ϭ Ϫ0.18, p ϭ 0.11), but was correlated with the modality-specific semantic composite scores (r ϭ Ϫ0.24, p Ͻ 0.03). The postonset time was not significantly correlated with the two semantic composite scores (general semantics: r ϭ 0.09, p ϭ 0.41; modality-specific semantics: r ϭ 0.13, p ϭ 0.24). However, it significantly correlated with the voxelwise nodal degree values in bilateral parietal lobes, inferior temporal gyri, superior frontal gyri, the right inferior frontal gyrus, the left MFG, and the cuneus (AlphaSimcorrected p Ͻ 0.05). When factoring out the influence of the three clinical variables (brain lesion type, total lesion volume, postonset month) and the control task (number calculation), the composite general or modality-specific semantic scores remained significantly correlated with the mean nodal values of both observed regions across the 80 patients (bilateral ACC-general semantics: r ϭ 0.38, p Ͻ 0.0007; bilateral ACCmodality-specific semantics: r ϭ 0.39, p Ͻ 0.0006; left ATL-general semantics: r ϭ 0.45, p Ͻ 0.0001; left ATLmodality-specific semantics: r ϭ 0.42, p Ͻ 0.0002). A similar pattern was also observed in the analysis for the patients without lesions in the observed hub regions. Seventy-seven patients were analyzed for the bilateral ACC and 59 for the left ATL. The partial correlation values were as follows: bilateral ACC-general semantics: r sub ϭ 0.40, p Ͻ 0.0005; bilateral ACC-modality-specific semantics: r sub ϭ 0.40, p Ͻ 0.0006; left ATL-general semantics: r sub ϭ 0.40, p Ͻ 0.004; left ATLmodality-specific semantics: r sub ϭ 0.39, p Ͻ 0.004.
The above analyses demonstrated that the left ATL and bilateral ACC could be critical hubs for semantic memory because the disconnection of these regions causes dysfunction in semantic processing.
Exploring the role of the right anterior temporal lobe in semantic processing
The semantic hubs we identified did not include the right ATL, even though it has been widely reported to be engaged in semantic processing in local analyses (Visser et al., 2010) . One possible reason for this seeming contradiction is that the region is primarily responsible for nonverbal rather than verbal semantic information (Rice et al., 2015a) . To test this idea, we separately correlated the mean nodal degree values of this region mask with the composite scores in verbal tasks or nonverbal tasks by averaging z-transformed t scores of verbal tasks or nonverbal tasks, respectively. As a control region, the left ATL hub was subjected to the same analysis. The right ATL mask was created by reversing the mask of the left ATL hub region we found in the above analyses (Fig. 3C) . We found that the right ATL was marginally significantly correlated with nonverbal semantics (r ϭ 0.21, p ϭ 0.054) but not correlated with verbal semantics (r ϭ 0.05, p ϭ 0.65). In contrast, the effects of the left ATL were still significant *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. r peak , Partial correlation coefficient between the degree in the peak voxel and behavioral scores; r cluster , partial correlation coefficient between the mean nodal degree within the region and the behavioral scores; r sub , partial correlation coefficient between the mean nodal degree within the region and the behavioral scores among the patients who had no lesion in the corresponding cluster. For simplicity, only the clusters with Ͼ30 voxels are listed for the general and modality-specific tasks.
(verbal semantics: r ϭ 0.51, p Ͻ 0.0001; nonverbal semantics: r ϭ 0.44, p Ͻ 0.0001; Fig. 4 ). When we additionally controlled for the influence of the three clinical variables (postonset month, etiology, total lesion voxels) and number calculation task among 80 patients, the correlations of the right ATL became insignificant with either type of task (verbal semantics: r ϭ 0.01, p ϭ 0.91; nonverbal semantics: r ϭ 0.11, p ϭ 0.33). However, those of the left ATL remained significant with both tasks (verbal semantics: 
Discussion
Using rs-fMRI data and semantic behavioral data of 86 patients with brain damage, we investigated the hubs of the semantic network. We found that the left ATL and bilateral ACC could be such hubs because the functional connectivity strength of these cortices (measured by nodal degree values in the whole-brain network) could predict both general and modality-specific semantic processes. Our findings provide new supportive evidence for the distributed-plus-hub theories of the semantic system from the network perspective.
Left anterior temporal lobe: a hub for semantic knowledge
We found that the disconnection of the left ATL correlated with deficits in general and modality-specific semantic processing. This replicates the finding that the ATL is a semantic hub (Hodges et al., 1992; Garrard and Hodges, 2000; Pobric et al., 2010; Zhou et al., 2012; Rice et al., 2015a,b; Chiou and Lambon Ralph, 2016) . It might suggest that the left ATL is a convergent zone of semantic memory and that its connectivity with the rest of the brain embodies semantic knowledge. Studies using various methodologies have consistently revealed the function of the ATL in semantic processing. For instance, white-matter fiber track studies and rs-fMRI studies have found that the ATL is widely connected with sensorimotorspecific and association cortices of the human brain (Binney et al., 2012; Guo et al., 2013; Fan et al., 2014; Pascual et al., 2015; Jackson et al., 2016) . The atrophy and metabolism of the ATLs are associated with semantic impairments in semantic dementia (Butler et al., 2009; Mion et al., 2010) . Transient dysfunctions of the ATL induced by repetitive transcranial magnetic stimulation caused longer reaction times on semantic tasks (Pobric et al., 2007 . The ATL was activated in semantic tasks in healthy subjects (Devlin et al., 2000; Visser and Lambon Ralph, 2011) .
However, these studies mainly analyzed the regional properties of the ATL and connections from the ATL and, therefore, might not directly support the binding role of the ATL in the semantic system. Our study correlated the network properties (nodal degree) of the ATL with semantic performance and thus provided direct evidence for its hub role. Our results prove that the widely distributed connections of the ATL are indeed critical connections for maintaining semantic function and that the ATL is the hub region for these connections. Damaged connections with the ATL could cause deficits in the integration of semantic information.
Bilateral anterior cingulate gyri: a hub for semantic control
We also observed a significant correlation between the nodal degree of the ACC (extending to the medial prefrontal cortex) and semantic scores. One possible interpretation for this finding is that the ACC contributes to executive control in semantic processing. The ACC has been shown to be a part of the neocortex and is involved in various cognitive functions, such as emotional control, error recognition, and adaption to changes (Bush et al., 2000; Allman et al., 2001; Gasquoine, 2013) . It was frequently activated in selective attention tasks and was thought to monitor distractive stimuli (Durston et al., 2003; Botvinick et al., 2004) and to estimate error rate (Botvinick et al., 1999) . The ACC was also activated in semantic tasks, such as face recognition (Haxby et al., 1996) and semantic coding (Kapur et al., 1996) . These findings suggest that the ACC is involved in the organization and executive control of semantic knowledge. Interestingly, functional connectivity of the ACC has a similar pattern with the temporal pole; both have wide connections with sensory and motor cortices (Margulies et al., 2007) .
Our results might reflect the binding role of the ACC in semantic control. Through connections with sensory/motor cortices, the ACC could control which aspects of concepts to access; therefore, damaged connections with the ACC could cause deficits in semantic performance.
Asymmetry of the left and right anterior temporal lobes
We detected a semantic hub role for the left ATL, but detected no such role for the right ATL. This finding was inconsistent with the classical semantic distributed-plus-hub theory that the semantic hub includes both ATLs . There are four potential possibilities to explain such lack of conformity with the right ATL: (1) This region is a semantic hub in a network. Our negative results might be due to the insensitive behavioral or brain imaging measurements. (2) The region is a local semantic region. Most prior studies considered the semantic role in local areas and found a semantic function of the right ATL Guo et al., 2013) . However, our study investigated the function of this region from a network perspective, which resulted in null results. (3) This region is mainly responsible for abstract semantic processing (Rice et al., 2015a,b) . Because our stimuli only included concrete objects, the effects of this region were not revealed. (4) The hub effects that previous studies observed might have been driven by the semantic nonverbal processing of this region (Gainotti, 2012; Hurley et al., 2015) . This difference might reflect the mechanism for verbal/nonverbal dissociation in the left/right ATL.
As stated above, the semantic system in the human brain has at least two distinct modules: semantic knowledge of various objects and semantic control based on context Whitney et al., 2012; Fang et al., 2015; Xu et al., 2016) . The former is basic in the semantic system and is thus more frequently studied in the literature. The latter is also indispensable because we have abundant knowledge of objects; however, for a specific context, only relevant knowledge needs to be retrieved. For example, when boiling water in a high-altitude location, we need the knowledge that water boils at a lower temperature, whereas we do not need to know that it will release heat when mixed with a strong acid. The semantic control module works together with the knowledge module to accomplish semantic representation for our daily life.
Limitations
The current study has at least the following limitations. First, our semantic tasks only explored concrete concepts. The hubs of abstract semantics (e.g., social and emotional concepts) were not identified. This might be associated with the null results of the right ATL in our study. Second, the distribution of brain lesions in our patients was not equivalent across nodes and connections in the network, which led to different statistical powers for the analyses. Third, we only used the nodal degree value as the index of the neural network. It is not clear whether our findings could be replicated by adopting other cerebral network indexes (Rubinov and Sporns, 2010). Finally, our node degree measure pro-vided an average correlation with all other gray-matter voxels and reflected the general level of rs-fMRI correlations but not the pattern of these correlations. Thus, when node degree was correlated with semantic performance, it reflected the functional disconnection of the seed voxel but was not a measure of the functional integrity of the semantic network.
Conclusion
By correlating the nodal degree values of each voxel within the gray matter with the performance of general and modality-specific semantic processing in 86 patients, we identified two semantic hub regions: the left ATL and the bilateral ACC. The reduction of nodal degree values of the regions was significantly correlated with the deterioration in semantic performance of the patients. These regions play a critical role in the semantic knowledge subnetwork and the semantic control subnetwork, respectively. Our findings provide empirical evidence for the distributed-plus-hub theory of the semantic system.
